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BaCkground and PurPoSe
With large irradiation volumes and the involvement of multiple organs at risk (OAR), a high level of set-up position repeatability is required in radiotherapy for nasopharyngeal carcinoma (NPC) patients. Recently, a number of radiotherapy techniques have been reported, such as intensity modulated radiotherapy and volume modulated arc therapy, which provides uniform dose distributions, steeper dose fall-offs, and reduced irradiation volumes. Therefore, image-guided radiotherapy is considered to be an essential tool in ensuring the safe clinical application of these techniques.
For the outstanding performance, cone beam computed tomography (CBCT) has been widely applied in position verification. In addition, the set-up error can be corrected online according to the registration results. In many institutions, the planning target volume (PTV) is customarily set as region of interest (ROI) for automatic bone registration. 1, 2 Meanwhile, the 5-mm clinical target volume, CTV-PTV and OAR-planning risk volume (PRV) margins are popularly used for NPC radiotherapy. 1, 3 However, there is the potential for radiation injury from OARs or treatment failure from CTVs due to the local set-up errors. [1] [2] [3] [4] [5] The purpose of this article was to analyse local set-up errors for substructures, and to investigate which local set-up errors can be covered by a 5mm margin for CBCT-guided NPC radiotherapy.
meThodS and maTerialS
24 NPC patients treated in West China Hospital from July 2012 to April 2014 were included in this study. The patients included 15 (62.5%) females and 9 (37.5%) males ranging in age from 18 to 65 years. All patients had poorly differentiated squamous cell carcinomas confirmed by pharyngorhinoscopy, and the tumour stages ranged from I to IV according to the American Joint Committee on Cancer cancer staging manual. All patients were immobilised with a thermoplastic mask and a standard C-type headrest. The planning CT scans were performed in the same treatment positions from the cranium to the sternum with a slice distance of 3 mm. Intensity modulated radiotherapy or volumetric modulated arc therapy planning with 5 mm CTV/ OAR expanding margins (brain stem, spinal cord) were generated in the Pinnacle planning system (Pinnacle 9.2, Philips Medical Systems, Fitchburg, WI). In some cases, the margins were intentionally trimmed to avoid the brain stem or the optic chiasm. The total doses were 73.92 Gy (2.24 Gy × 33 fractions, 11 patients) and 69.96 Gy (2.12 Gy × 33 fractions, 13 patients) to the primary tumour, 60 Gy to the high-risk involved tissues and the suspicious node drainage area, and 56 Gy to the low-risk regions (CTV2). The maximum length of the craniocaudal treatment field was 25 cm.
Each CBCT scan was performed with an Elekta Synergy XVI 4.5 imaging system (Synergy, Elekta, Crawley, UK). For each patient, a CBCT scan for the first three treatment fractions was essential. Then, at least one CBCT scan was obtained per week in subsequent fractions. The median number of CBCT scans per patient was 14 (range 7-33). One patient had only seven CBCT scans due to a small set-up error for the first three fractions and a score of 3 of Eastern Cooperative Oncology Group performance state in subsequent fractions. During the CBCT scanning, the gantry rotated over 200° at 3.18° s -1 , and a total of 361 projections were acquired with a spatial resolution of 0.1 cm per pixel. To improve the image quality and reduce the scanning area, the collimator cassette S20 was used and the field of view was 26 cm.
In clinical practice, automatic bone registration with PTV ROI was performed between the CBCT and planning CT (Elekta Synergy XVI 4.5 imaging system, Synergy, Elekta, Crawley, UK). The online correction protocol was 2 mm in any translational direction. To evaluate local set-up errors, individual bony landmark was set as ROI and registrated between the CBCT and planning CT. These bony landmarks included the cervical vertebrae C1-C7 (i.e. C1 ROI , C2 ROI , C3 ROI , C4 ROI , C5 ROI , C6 ROI , and C7 ROI ), mandible (M ROI ), larynx (L ROI ), and sphenoid sinus (S ROI ) (Figure 1 ). The region below the first thoracic vertebra (T 1 ) was not defined as ROI due to the poor image quality in CBCT. First, the automatic bony registration was performed to achieve a fast and coarse matching. Then, manual fine adjustments were followed by visual inspection. These two steps were performed carefully to guarantee the registration accuracy of each individual ROI for our offline registration protocol. To verify the validation of our registration method, S ROI registration results of 10 patients performed by two therapists were compared. The registration result was reproducible (with a standard deviation <1 mm). According to the equations given on p. 37 of the British Institute of Radiology report on geometric uncertainty, the group mean error (M), systematic (Σ) error, and random error (σ) were computed along three translational axes [i.e. the mediolateral (ML), superior-inferior (SI), and anteroposterior (AP) directions]; and the rotational axes [i.e. the x (pitch), y (roll), and z (yaw)]. 6 The CTV-PTV/OAR-PRV margins were generated based on the van Herk equation (2.5Σ +0.7σ). 6 To investigate which local set-up errors could be covered by a 5-mm margin, the differences in the translational errors and rotational errors between PTV ROI and other ROIs were calculated. Then, the corresponding CTV-PTV/OAR-PRV margins were compared. To determine which ROI pairs have significant correlations, the Pearson correlation coefficients of registration results for different ROIs were transferred to a colour plot. 1 We also assessed the consistency of local set-up errors for these ROIs using Bland-Altman analysis. 7 According to our clinical routine, the online correction protocol was set as 2 mm of translational error in any direction. To investigate the difference of online correction between PTV ROI and other ROIs, the registration results of other ROIs were divided into two groups with a threshold of 2 mm. Then, the analysis of receiver operating characteristic (ROC) curves was performed using grouping of PTV ROI as the gold standard. 8 reSulTS Among all the ROIs, the registration results of PTV ROI exhibited lower translational errors (Table 1 ) than all the other ROIs and lower rotational errors than the majority of the other ROIs (Supplementary Table 1 ). The corresponding margins were 3.7 mm (ML), 4.5 mm (SI), and 3.3 mm (AP). However, the margins in the SI direction exceeded 5 mm for C1 ROI , C2 ROI , C3 ROI , and C4 ROI . Using PTV ROI as a reference ( differences compared to PTV ROI , with systematic and random local set-up errors of less than 1°.
The colour plots showed that the translational errors exhibited better correlation coefficients than the rotational errors among these ROIs (Figure 2 ). There were high correlation coefficients (ranged from 0.588 to 0.945) in ML and SI directions among these ROIs, except for L ROI in SI direction (ranged from 0.007 to 0.118). The C1 ROI -C7 ROI regions exhibited better correlations in the SI direction, especially in the C1 ROI -C4 ROI regions (ranged 0.945-0.73). The lower correlation coefficients were found between the S ROI , M ROI and the C4 ROI -C7 ROI regions (ranged 0.071-0.352) in AP direction. However, there were negative correlations between the C1 ROI -C4 ROI regions and the C5 ROI -C7
ROI regions (ranged from −0.026 to −0.635) in pitch. The lower or negative correlations were found between the S ROI , M ROI and the C1 ROI -C7 ROI regions (ranged from −0.249 to 0.213) in pitch.
As to the roll direction, there were lower correlation coefficients between the S ROI , M ROI and the C3 ROI regions and the C3 ROI -C7 ROI regions (ranged from 0.04 to 0.325).The negative correlations were found again between the S ROI , M ROI and the C4 ROI -C7
ROI regions (ranged from −0.09 to −0.155) for rotational errors in yaw direction. In terms of same axis for all ROIs, there were higher correlation coefficients between the PTV ROI and the C1 ROI -C4 ROI regions.
The Bland-Altman analysis demonstrated significant registration consistency between the PTV ROI and C1 ROI -C4 ROI , S ROI , and M ROI . Figure 3 showed a strong registration consistency between PTV ROI and S ROI . As expected, the ROIs below the C5 level (i.e. C5 ROI , C6 ROI , C7 ROI , and L ROI ) show relatively poor registration agreement with the PTV ROI .
The ROC analyses show that all ROIs in the SI direction and C1 ROI -C4 ROI , S ROI , and M ROI in the AP direction had discrimination power according to grouping of PTV ROI (Table 3) . No significant ROC analysis results were observed between the grouping of PTV ROI and other ROIs in the ML direction.
diSCuSSion
Similar to other studies, we found considerable set-up errors among multiple fractions in head and neck cancer radiotherapy despite the use of immobilisation devices. 2,4,9-11 The CTV-PTV margins largely depend on the immobilisation devices, the radiation method, and the frequency of verification imaging. Some studies have shown that a 5-mm CTV-PTV margin is required in head and neck cancer radiotherapy. 1, 12, 13 In some cases, a 3-mm CTV-PTV margin has been used due to the proximity with or even the overlapping of a large portion of a critical structure with the tumour.
14 With no image guidance, 40.8% of fractions would have been more than5 mm off-target. 15 Thus, image-guided radiotherapy is helpful for head and neck radiotherapy. 10, 14, 16 However, usually, the local set-up errors were neglected in the previously mentioned margin protocols. The margin protocol depends on a measured system and random errors. The imageguided radiotherapy registration strategy (e.g. selecting the appropriate ROI) determined the measured system and random error, and the couch correction ultimately influences the resulting dose distributions. 5, 17, 18 Some authors reported that the C1 ROI , C2 ROI , and C3 ROI region group were used as a reference landmark to evaluate the local set-up errors. 1, 5 Consistent with other reports, 2,3 our results show that these errors were primarily focused in the SI direction and corresponding margins exceeded 5 mm using the C1 ROI , C2 ROI , C3 ROI , and C4 ROI alone as reference landmark. Meanwhile, Djordjevic et al recommended that the image registration should be based on a small region according to GTV and OARs. 19 In our study, the GTVs of NPC are primarily located around the sphenoid sinus, and such tumours were in close proximity to the brain stem or optical nerves. Thus, registrations that focused on the sphenoid sinus (S ROI ) were superior to the C1 ROI , C2 ROI , and C3 ROI region group registration in terms of the OAR sparing of the nearby tissues because smaller margins are required in this area. 2 Thirdly, there was lower or negative relationship between the group of C1 ROI -C3 ROI and the group of M ROI , S ROI in pitch. The negative relation was found again between the group of C1 ROI -C3 ROI and the group of C5 -C7 ROI in the same axes (Figure 2) . Therefore, in our opinion, using the C1 ROI , C2 ROI , and C3 ROI as reference landmark for registration was unsuitable in nasopharyngeal cancer radiotherapy.
In routine practice, using PTV ROI as a reference has verified four significant statistical results, as follows: (1) it was easy to find that the PTV ROI registration results exhibited minimal differences from the region of C1 ROI -C4 ROI and M ROI , of which the CTV-PTV margins were all within the 5 mm limit. However, the results were different for the C5 ROI -C7 ROI regions, which exhibited more than 7 mm OAR-PRV margins in the AP direction. (2) The correlation analysis vividly demonstrated that there was a significant correlation between PTV ROI , C1 ROI -C4 ROI , M ROI , and S RO I. (3) The Bland-Altman plots indicated high registration consistency between PTV ROI , C1 ROI -C4 ROI , M ROI , and S ROI , respectively, and the low levels for the ROI group C5 ROI -C7 ROI and L ROI . (4) Similar results were observed in the ROC analysis in the AP direction. ROC analysis showed no significant results for any of the ROIs in the ML direction. However, the local set-up errors of substructures in the ML direction were smaller than those in the SI and AP directions, which required margins of less than 5 mm. According to these findings, we can conclude that the local set-up error of C1 ROI -C4 ROI , M ROI , and S ROI can be represented by PTV ROI in CBCT-guided NPC radiotherapy with a 5-mm margin scheme. In other words, using these ROIs as an integral reference ROI was better than individual bony landmark.
In this study, the CTV-PTV/OAR-PRV margins calculated based on PTV ROI were less than 5 mm in three axes. However, the registrations based on the other ROIs all yielded PTV margins greater than 5 mm. Djordjevic M et al reported that the CTV-PTV margins for the subregions ranged from 4.5 to 9.3 mm with no image guidance and from 2.3 to 6.8 mm with daily image guidance. 19 However, using different CTV-PTV margins for these landmarks (such as C1-C5, mandible and sphenoid sinus) was complicated to implement in clinical practice. In our study, the CTV/OAR expanding margin was calculated without considering the rotation error or the local deformation. It should be kept in mind that rotation error correction is highly important and significantly influences the dose distribution. 20 However, few radiotherapy departments currently use clinical corrections for rotation errors. Thus, the proper CBCT registration strategy is particularly important in clinical use. Based on these results, special care should be paid to the patients with a 5-mm uniform margin in NPC radiotherapy even with the use of image guidance.
In our study, the set-up error in the AP direction was obvious, and this was exactly the direction in which the S ROI and the brain stem were anatomically connected. The blurring effect of random errors leads to small decrease in dose at the edges of the high-dose regions that will moderately affect all patients. In contrast, systematic errors lead to shifts in the dose, which would strongly affect some patients. 6 Thus, when S ROI is involved in the registration, we should pay particular attention to the systematic local set-up error in the AP direction. When consecutive local set-up errors of substructures (i.e. generated from the first 3-5 treatment fractions) of 2°/2 mm are identified by the sphenoid sinus region, re-planning is recommended to compensate for these deformation errors. 15, 18, 21 To guarantee a safe treatment, we recommend that the typical isodose line of the planned dose distribution should be overlapped with the registration images and used as an important reference line for the determination of couch correction.
Large local set-up errors primarily occurred in the lower neck. 1, 19 Typical examples are the larynx and hyoid regions, which exhibit relatively large movements in the SI direction. An OAR-PRV margin of 5 mm is not sufficient in these cases. 9 Furthermore, the position of the thyroid is associated with the movement of the larynx. Pre-treatment evaluation of the thyroid dose (V 45 , the dose restraint for the thyroid) is an effective method for avoiding hypothyroidism. 22 In the region of the lower neck, great margins are needed if either of these systems is used to treat caudal target volumes in proximity to the shoulder level. 23 Thus, a margin wider than 5 mm for the spinal cord is feasible. For patients with the metastatic lymph node (GTV nd ) located in the lower neck, the CTV-PTV margin should be 8 mm to ensure a sufficient dose irradiation due to the large deformation error. The local deformation error is not the only factor that affects the delivery dose. Individual tumour shrinkage and shape changes in the body and parotid also account for set-up errors. To observe these changes, weekly CBCT scans are essential in clinical practice following the offset of the system error based on the first three to five fractions. 19 More effective personalised immobilisation is required for lower neck radiotherapy.
ConCluSion
In radiotherapy for NPC patients who are immobilised with the standard headrest and thermoplastic mask, only the local set-up errors of C1 ROI -C4 ROI , M ROI , and S ROI can be represented using PTV as a reference ROI with a 5 mm margin for CBCT registration. Using these ROIs as an integral reference, ROI was better than individual bony landmark.
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